
00

,.. iJTJ FILE CoeyI

THE DESIGN AND IMPLEMENTATION OF SURFACE ACOUSTIC WAVE
DEVICES FOR LINEAR FM AND A NEW NON-LINEAR FM PULSE

COMPRESSION TECHNIQUE FOR RADAR APPLICATIONS

BY

JAMES C. WALKER
B.S.E., University of Central Florida, 1985

THESIS

Submitted in partial fulfillment of the requirements I
for the degree of Master of Science in Engineering

in the Graduate Studies Program of the College of Engineering
University of Central Florida

Orlando, Florida

DTIC
Fall Term s D7I

1986 1-1

=7MMhIUTON STATMENT A

Approved for publ~o rel*=W
Distribudon UnlUmted

d'7 ia



SECURITY CLASSIFICATION Or THIS PAGE (Wh.en 00%RIeKtOW _________________

REPORT DOCUMENTATION PAGE BEPOR 0()EIGPR
I., REPOT NU"E" 2. GVT ACCESSION NO. 3. RECIPIENT'S CATALOG NUMBER

AFlT/CI/NR 87--5SOT
4. TI1TLE (asnd1Subti11X S. TYPE OF REPORT A PERIOD COVFRED

Th esig Ad Implementation Of Surface
ýAcoutic ýWave Devices For Linear FM and A New THES IS/I!NS~WdtWW
NonTLinear FM Pulse Compression Technique For ~ PROMN ~ EOTNME

Radar'.Applications
7. AUTHORWs S. CONTRACT OR GRANT NUMBER(s)

James C. Walker

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM E.LEME.NT, PROJECT, TASK

AFIT STUDENT AT:
University of Central Florida

It. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
AFIT/NR 18 _____

WPAFB Oil 45433-6583 13. NUMBER OF PAGES

I'MONITORING AGENCY NAME & AODRESS(If different from Contfrolling Office) IS. SECURITY CLASS. (of this repors)

UNCLASSIFIED
ISA. DELSSIFCATOOWNGRAOING

SCHEDULE

* Is. OISTRIBU TION STATEMENT (of this Report)

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED

17. DISTRIBUTION STATEMENT (of the abstract eoiteradln block 20, If different from Report)

* IS- SUPPLEMENTARY NOTES

APPROVED FOR PUBLIC RELEASE: IAW AFR 190-1 W .OLAVER flb..4
I s nforResearch and
Professional Development

AFIT/NR
IS. KEY WORDS (ContInue onl reverse side It necessary and identify by block number)'

20. ABSTRACT (Continue on reverse aide if necoedary, and Identify by block number,'

ATTACHED

DD I rJAN73 1473 EDITION OF I NOVSS5 IS OBSOLETE

SECURITY CLASSIFICATION OF THIS PAGE (I1.en Date Entered)

87' 10 14 9



AB~STRACT

-4
The purpose of tnis work is to design, fabricate, and

compare dispersive SAW devices using both linear FM and a unew

non-linear FM scheme. This new non-linear FM scheme uses the

Blackman function as the modulating signal of the FM waveform.

Up-chirped and V-chirped devices for both linear and the new

nci,-linear FM scheme and their corresponding matched filters are

compared.

Design considerations are discussed in detail. An efficient

sampling algorithm (which can also be applied to other

non-linearly modulated FM waveforms) developed to facilitate the

design of the SAW devices is presented.
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CHAPTER I

INTRODUCTION

Radar Fundamentals

In its simplest form, a radar system transmits a signal

and waits for a reflected signal (echo) from a posrible

target. If an echo does exist, it will be similar to the

transmitted signal, though exhibiting some differences.

Information about the target's location, size, velocity, and

direction of movement can be extracted from these differences.

If on the other hand, there is no echo, it is assumed that no

target exists (in that direction) and the signal is transmitted

in another direction (Tzannes 1985).

The radar equation is used to determine the maximum range

at which a target can be detected. If the system emits a signal

with initial average power of P watts and meets an object at

a distance R from the radar, the return power of the echo, PR'

is given by

P K T (1)
RR 4

where K depends on various other parameters of the system such

as target cross section and antenna gain. A useful form cf rhe
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radar equation is found by denoting the minimum det.ctable pover

by Shin, end solving for R,

I
KtP A

RT=si (2)

where Rwox rapresents the maximum range of the system (TMannes

1985).

Range information is found by transmitting a pulse and

measuring the time delay, At, between the transmitted and

received pulse. Since electromagnetic energy travels at the

speed of light, c, the distance to the target will be

R =C At (3)
2

where the factor of 2 accounts for the round trip (Cook and

Bernfeld 1967).

To measure this delay, a distinct point of roference is

required. Though the beginning or end of the pulse may have

sharp edges for reference, these edges become rounded or obscured

when band-limited or in the presence of noise. To minimize the

range error, the time cross-correlation function of the inco..ing

e~a;o signal with the original pulse is taken using a matched

filLer, which maximizes the signal to noise ratio (SHR) in the

presc,!ce of white Gaussian noise. This implies that a dil' nct

point of reference must be present at the output of the matched
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filter. Cood rarge resolution requires the output of the matched

filter to have a high sharp peak, and only a single peek, so that

a number of targets can be distinguished from one another

(Rihacnek 1965).

A very narrow pulse would possess the characteristics needed

for good range resolution, but due to power limitations in the

transmitter, the maximum range detection capability would be

limited. Hence, in order to meet range requirements, the radar

system designer seems to be faced with a trade-off. This

trade-off is reduced using pulse compression techniques, which is

another significant advantage of using matched filters. The

pulse can actually be made as wide as necessary to meet range

requirements, then coded with wideband modulation information to

meet the range resolution requirement (Cook and Bernfeld 1967).

If a target is moving toward a radar system, then

the frequency of the return sig•al will be higher then that of

the transmitted signal. Similarly, if the target is moving

away from the radar, the frequency of the return signal will be

lower than that of the transmitted signal. This phenomenon is

known as the Doppler effect and the amount of change in frequency

(fD), is used to compute the target's radial velocity (dr). If

Vr is such loss than the speed of light, the doppler frequancy is

approximated by

2v
f -- ! f (4)
D C t
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where ft represents the transmission frequency (Wheeler

1967).

Linear FN

The most common forts of pulse compre•tsion used in modern

radar systems is linear frequency modulation (chirp), which is

realized by linearly varying the carrier frequency of the FN

waveform during the interval of the pulse. Chirp radar provides

500d range and velocity measurements, as well as resolution

(Tsannea 1985). Range requirements (within limits) can be met by

increasing the width of the transmitted pulse. Using matched

filters, this can be accomplished without sacrifi.cing bandwidth.

Though it would seem that chirp offers all the desired

characteristics of a radar signal, this is not the case. It

measures range very well when the target is not moving (no

Doppler shifts), but when the target is moving, range cannot be

calculated directly. Though this range error can be accounted

for when there is only one target, it becomies a problem when

there are a numnber of targets within one pulse period with

differing velocities. Therefore, chirp radar is most suitable

for applications where the expected differences in velocity are

relatively small during any single pulse period (Cook and

Dernfeld 1967). Another disadvantage of the chirp radar is 'that

the autocorrelation time sidelobea ert relatively high, which

could cause range rwsolution problems (Booher 1985).

p
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Non-Linear FM

Many approaches have been investigated in an effort to

minimize the problers inherent to linear FM. One such approach

is to vary the 2requency of the transmitted pulse in a non-linear

fashion (non-linear FM). Work done by Booher suggests there may

be some merit in -7arying the pulse frequency using the Blackman

function as the modulating waveform. He showed that under

certain conditions, this new non-linear FM could perform better

than linear FM when range resolution is of primary concern

(Booher 1985). This pulse is further investigated to see if a

wider range of velocities can be detected without introducing

significant range error due to Doppler shifts.

SAW Devices

Surface acoustic wave (SAW) technology offers a means of

processing complex waveforms onto devices that are much smaller

and more reliable than previous techniques. The planar nature

of SAW devices allows them to be fabricated using standard

lithography techniques used by the semiconductor industry. This

process is highly repeatable and relatively inexpensive.

Impulse response model design techniques (Hartmann, Bell

and Rosenfeld 1973) are used in order to provide a straight-

forward app7,.ach to producing sample devices which implement buth

linear FM and the new non-linear FM pulse compression waveforms.
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Des-'a.n considerations and implementation procedures are presented

in detail.



CHAPTER 1I

OBJECTIVE OF PROPOSED WORK

The objective of this thesis is to further investigate

the characteristics of the new non-linear FM waveform introduced

by Booher. SAW devices will be designed and photomasks will be

generated using both linear FM and the new non-linear FM

function. Additionally, V-chirped devices using both linear FM

and the new non-linear FM function will.be investigated. Design

considerations will be discussed and computer aided design

software will be written. Comparisons will be made on the

impulse response, frequency response, and matched filter

responses of the filters. The Doppler effect on both linear

FM and the new non-linear FM waveform will be simulated.

7

----------------------------------------------



CHAPTER III

WAVEFORM DESCRIPTIONS

Using impulse response deaiSn techniques, SAW device design

is straightforward if the time waveforms can be sampled

accurately (Hartmanne Bell, and Rosenfeld 1973). This chapter is

concerned with the derivation of the general form of the linear

and new non-linear FM waveforms. Though up-chirped, down-chirped

and V-chirped SAW devices are considered, symmetry arguments are

used (Chapter IV) so only the up-chirped forms of the equations

are necessary. Additionally, plots of the spectra, matched

filter outputs, and spectra of the matched filter outputs for

both linear FM and the new non-linear FM are presented. With the

exception of figures I and 2, the plots provided in this chapter

were accomplished using the FFT and graphic capabilities of the

surface acoustic wave computer aided design program (SAWCAD)

developed at the University of Central Florida (Malocha and

Richie 1984).

FN Waveforms

In general, an FM waveform, XFM(t), can be represented by

the equation (Ziemer and Tranter 1985)

t
X.H(t) - A cos [wct + (Kf f mCr)dT + (5)

0

8



where:

m(T) a the modulating signal

A a the peak amplitude of carrier

S=- the ai~ ular frequency when m(t) is zero

Kf - the frequency deviation constant

�a the initial phase
0

The phase deviation, O(t), of XF (t) is

t
*(t) - K f mI()dT + o (6)

00

The instantaneous frequency, wi(t), of XFm(t) is found by taking

the derivative of the bracketed term in equation (5) with respect

to time which yields

W i(t) - wc + Kf M(t) (7)

Linear FM

Linear FM is an FM waveform whose instantaneous frequency

changes in a linear fashion with respect to time. Figure 1 shows

the modulating signal used to accomplish this. Note, the

remaining equations (8-16) in this chapter are only valid from 0

to T since they represent pulses, not continuous waveforms. The

linear FM modulating signal, mLFM(t), is given by the equation

m (t) - !t (8)T (8)T
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The instantaneous frequency of. the linear FM waveform, W LFM(t)

is found by substituting equation (8) into equation (7) to yield

aK f•f

)LFM(t) = +-- (9)

The phase deviation of the linear FM waveform, 'LFM(t), is found

by substituting equation (8) into equation (6) and performing the

integration such that

•f 2
OLFN(t) - 2T _ o (10)

Now, the linear FM waveform, XLFI t), can be written by

subctituting equation (10) into equation (5), which yields

f 2
XLF(t) A coo (wct + --c+ 02T 11

Non-Linear FM

This new non-linear FM uses a shifted form of the Blackman

function as the modulating signal of the FM waveform (Booher

1985). Shown in Figure 2, the modulating signal of the new non-

linear FM waveform, mNLFM(t), is represented by

7't,)2n•t-T,
mNl(t) - a{0.43 + 0.5 cos[ T I + 0.07 cos[ T -).J. (12)
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n(t)

a -.............

Figure 1. Modulating signal for linear FL

n (t)

a - - - - ---------

_____________________ t
1

Figure 2. Modulating signal for new non-linear Fl.
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The insttntaneous frequency of the new non-linear FM waveform,

NLFN4(t), is found by substituting equation (12) into equation

(0) to yield

(t) - w + aKf{0.43 + 0.5 cos[t-(I] + 0.07 cos[2!T-t--] (13)

The phase deviation of the new non-linear FN waveform, *NLFK(t),

is found by substituting equation (12) into equation (6) such

that

t 7(T-T) 2n(r-T)(14)
iaLm(t) 5Kf f{0.43 + 0.5co( T ]+ 0.07 cos[( T)dT +

O -O

Performing the required integration yields

(15)0.07T 81n[27r(t-T) 1

aKtf{0.43t + 2-5T ,,n[r(ti-T)] + 2--f" a ]} + T) o

Finally, the new non-linear FM waveform, XNLFK(t), can be written

by sabstituting equation (15) into equation (5), which yields

XtlF(t) - A coa{stct + aKf{0.43t
(16)

+__ 0T0.07T . ,2W(t-T)
+T + 2+i T

Design Characteristic Waveforms

In general, it is very difficult (if not imposs~ble) to

physically see the varying frequency of practical FM waveforms.
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For this reason, woAputer plots of the actual designed chirped

waveforme will not be included, though a hypothetical example of

an up-chirped linear FM waveform (Figure 3) and a V-chirped

linear FM waveform (Figure 4) has been included for pedagogical

purposes. The waveform of figure 3 chirps from 40 MHz to 100 MHz

in approximately 0.1 usec, while the waveform of Figure 4 chirps

from 40 MHz to 100 MHz then back to 40 MHz in approximately 0.1

usec. The waveforms of the actual designs chirped from 60 MHz to

80 MHz in approximately 3 usec.

Frequency Response of the Filters

The spectrum of the linear FM waveform can be represented in

closed form (Cook and Bernfeld 1967). Normalized amplitude plots

of the linear and new non-linear FM spectra sre shown in figures

5 and 6, respectively. These plots were accomplished by

performing an FFT on the actual time waveforms used in the SAW

device design.

The frequency responses of the receiving (matched) filters

were found by multiplying the impulse response of the

transmitting filter with that of its corresponding matched

filter. Figures 7 and 8 show the frequency responses of the

matched filter outputs. It should be noted that since the new

non-linear FM actually has two peaks, linear FM would perform

better in terms of velocity resolution.
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Time Responses of the Hatched Filters

The time response of the matched filters (the

autocorrelation function) is found by taking the inverse FIT of

the corresponding matched filter frequency response. Hatched

filter outputs for linear and the new non-linear FM waveforms are

presented in figures 9 and 10 respectively. The sidelobe level

of the linear PN is approximately 13.7 dD down, while that of the

non-linear PH is only 7.6 dl down. In this case, the linear FI

provides better range resolution.



h

18

con
I

It

o. LA OW
w
9

10.3

0.000
-. two -. 10D ,OUS 0,6.u 10060 I.S

TIr in ftle remoau

Figure 9. Time response of the linest FN
matched filter pair.

'. 4
L r
AO0.57 -

T TDC

7
V
I

p

000

-43100 -,1000 -,.0660 5.6660 0,.0600 0.130 0.135O
TINS 1*• maueUoCSSe

Figure 10. Time response of the noy non-linear FN
matched filter pair.



CHAPTER IV

DOPPLER SIMULATION

"The Doppler effect can be simulated on a computer by

shifting the center frequency of the transmitted pulse and

processing the resulting signal through the original matched

filter. This was accomplished by taking the FFT of the frequency

shifted up-chirped waveform, and multiplying it with the FFT of

the original down-chirped waveform, An inverse FFT wa ae.hen

performed on the product to yield the desired Doppler shifted

mrtched filter response. The simulation was performed on both

linear FM and the new non-lineas FM waveforms for several Doppler

frequency shifts (fD), and on the V-chirped versions of the

wveforms.

Distortion effects on the output of the original matched

filter caused by Doppler shift conditions are loss in peak

amplitude and a time shift of the waveform. For linear FM, the

amplitude degradation is essentially bounded by a triangle with

its baseline extending from -T to +T. This triangle is the auto-

correlation of the rectaiigular envelope used and this

relationship is a property of the linear FM waveform. For f

less than half the total chirped bandwidth, a good approximation

for the time shift, ts, of the linear FM waveform is (Cook and

Bernfeld 1967)

19
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-- T (17)

Both of these distortion effects can be easily verified from the

linear FH Doppler simulation presented here.

All of the following plots are of the matched filter output

V9  for the Doppler frequency indicated. The center frequency of the

receiving filter was set at 70 Nag: the dispersion time at 3

usec, and the bandvidth at 20 MHz. The center frequency of the

Doppler shifted pulse was set at 70 MHz plus the indicated

Doppler frequency shift, the dispersion time at 3 usec, and the

bandwidth at 20 Milz.

Figures 11 and 12 are for a Doppler frequency shift of 0,

for linear FM and the new non-linear FM respectively. The

following plots in this simulation are scaled to the peak

amplitudes of these two in order to show the relative amplitude

degradation dlce to the Doppler shifts.

Figures 13, 15, 17, 19$ and 21 represent Doppler frequency

shifts of +1, +3, +5, +7, and -5 MHz, respectively, for the

linear FM. The resulting Doppler distorted waveforms are as

predicted by the triangular envelope for amplitude degradatior

and equation (17) for the time shift. The results are summarized

in TsblQ 1.

The Doppler distorted waveforms for the now non-linear FM

are presented in figures 14, 16, 18, 20, and 22 for the same
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respective Doppler frequency shifts used in the linear FM

simulation. These results are summarized in Table 2.

TABLE 1

DOPPLER DISTORTION EFFECTS ON LINEAR FN

DOPPLER FREQUENCY AMPLITUDE DEGRADATION TINE SHIFT
(MDz) (dl) Waste)

1 0.45 -0.15
3 1.4.1 -0.45
5 2.50 -0.75
7 3.74. -1.05

-5 2.50 +0.75

TABLE 2

DOPPLER DISTORTION EFFECTS ON THE NEW NON-LINEAR FM

DOPPLER FREQUENCY AMPLITUDE DEGRADATION TIME SHIFT
(MBz) 0B) (uSeW

1 3.84. -0.12
3 8.12 -0.30
5 9.39 -0.48
7 9.86 -0.68

-.5 9.39 +0.4.8

Though the amplitude degradation due to Doppler shifts is

much more severe for the new non-linear FM, a significant

improvement is seen in terms of time shift distortion. This



0 *

28

characteristic could be exploited to yield a system which is

capable of detecting a larger range of velocities at the expense

of more power in the transmitted pulse.

Another significant characteristic is that the sidelobes on

one side (the side toward the zero velocity point) for the now

non-linear FM waveform have virtually disappeared when subjected

to Doppler shifts. This provides information not immediately

apparent in the linear FM waveform. First of all, it serves as a

flag to indicate whether a target is moving or not. Secondly, if

the target is moving, it indicates whether it is moving toward or

away from the radar.

It should be noted that equation (17) applies to a system

in which the transmitted pulse was an up-chirp and the matched

filter impulse response was a down-chirp. If the system were

reversed such that the transmitted pulse was down-chirped, the

time shift would be in the opposite direction. If the

transmitted pulse chirped up and down (V-chirp), then there would

be a shift in both directions.

The V-chirp offers a means of measuring target velocity

without the need for a bank of narrow band filters. When a

V-chirped pulse meets a moving target, the resultiPS matched

filter output has two maxima due to the Doppler effect which are

symmetric aboui the zero velocity point. This essentially

creates its own reference point from which the time shift can be
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measured and the velocity computed. Actually, the V-chirp

measures speed, not velocity, since there is no way of knowing

for a given maximum, whether it was caused by the up- or down-

chirped portion of the pulse, thus losing the sense of target

direction. Also, due to the presence of two maxima, target

resolving capability is limited.

Figures 23 and 24 are for a Doppler frequency shift of 0,

for linear FM and the new non-linear FM respectively. Figures

25 and 26 represent a Doppler frequency shift of -5 MHz and are

scaled to the peak amplitude of their respective 0 Doppler

frequency shift waveforms in order to show the relative amplitude

degradation. Tables 3 and 4 summarize the results of the Doppler

simulation for the linear V-chirp and the new non-linear V-chirp,

respectively.

TABLE 3

DOPPLER DISTORTION EFFECTS ON V-CHIRPED LINEAR FN

DOPPLER FREQUENCY AMPLITUDE DEGRADATION TIME SHIFT
(NHz) (dB) (usec)

0 0.00 0.00
-5 8.92 0.40
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TABLE 4

DOPPLER DISTORTION EFFECTS ON V-CZIRPED NON-LINEAR FM

DOPPLER FRBUQECY AMPLITUDE DEGRADATION TINE SHIFT
(NRa) (dl) (usec)

0 0.00 0.00
-5 11.66 0.26

As before, linear FN offers lea. mplitude deradetion,

while the now non-linear FN provides lese time shift distortion.

For V-chirp, this time shift distortion is actually desired,

since it As used to compute velocity. Also, no rase error is

introduced when the midpoint between the two ma•ims is taken as

the reference. Again, if the need for a moro dynamic ranse of

velocities exists, perhaps the new non-linear FM should be

considered.



CHAPTER V

SAW DEVICE DESIGN CONSIDERATIONS

The linear FM and the new non-linear FM time waveforms can

be completely described mathematically in a relatively simple

'orm* In contrast, the mathematical representation of the

frequency spectrum of these signals is very complex and

approximations must be used in the derivation. Impulse response

model design of SAW devices lends itself very well to this

situation because of the correspcidence between the location of

the electrodes on the transducer and the signal generated by an

impulse of acoustic energy traveling under the electrodes

(Hartmann, Dell, and Rosenfeld 1973).

Critical Points of the Chirped Waveform

The proper positioning of the transducer electrodes is

dependent on the loation of the positive peaks (peaks),

negative peaks (valleys), and nulls of the waveform. The

distance between electrodes will vary proportional to the

changing frequency.

Closed Form Solution

For the linear FM waveform, the critical points can be found

in closed form. By normalizing equation (11) and allowing the

33
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initial phase, 0 o to be -7r/2, the following form of the

equation is realized

km(t) sir. (Wtt + t (18)

where V - aKf/T is the chirp slope. The peaks of the waveform

are found when XLFKlt) is equal to 1. Allowing tp to represent

the time at which the peaks occur the equation becomes

S2)

sin (w t + 2 (19)

which can be written as

2t 2 +wt - sin-(1) =0 (20)

or simply

2  p Wc tp (+ 2ni) =0 (21)

where n is an integer and accounts for multiple peaks. Using the

quadratic formula to solve for tp and ignoring the negative root

yields

12
_ W+ W 2 + pr(4n+ 1)p P
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The valleys and nulls of the waveform can be found in a similar

matter by setting XLFM(t) in equation (18) equal to -1 and 0,

respectively. The results of doing so gives

W + /2+ pnr(4n -1)t= •c -C .. (23)

and

/-2
- •c + w c + 2 un7T

t - - (24)n

where tv and tn represent when the valleys and nulls of the

waveform occur.

A closed form solution for the critical points of the new

non-linear FM waveform is not as easy. From equation (16), it

can be seen that finding the critical points is no longer a

matter of solving a simple quadratic. It was suggested by Booher

(1985) that this task could be accomplished using an iterative

approach of oversampling. Although this approach is valid, a

more efficient way of doing this is possible.

The Walkerdid Algorithm

Although this algorithm was developed for finding the

critical points of the new non-linear waveform discussed in this

thesis, it can also be applied to linaar FM or other non-linear

FM waveforms. The algorithm is applied to the up-chirped
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(increasing frequency) form of the FM equation. Symmetry is used

if the desired critical points were for thQ down-chirped or

V-chirped form of the equation.

First, define Td as the desired amount of dispersion time in

the waveform and Ta as the actual amount of dispersion time it

takes t) go from the minimum to maximum frequency and such that

the final waveform starts on a null and has positive slope and

ends on a null and has negative slope as shown in Figure 27. For

up- or down-chirped waveforms, Ta is approximately equal to Td

and for V-chirped wavcforms, Ta is approximately equal to Td/2.

Letting X (t) represent the up-chirped waveform, Xd(t)
u

represent the down-chirped waveform, and Xv(t) represent the

V-chirped waveform, symmetry suggests

Xd(t) Xu(Ta -t) (25)

and

t Xu(t) W0 < t Ta (2= V (26)
Xu(2Ta-t) Ta <t•2Ta

U

For up or down-chirped linear FM, the value of Ta, (TaL)
LFM

is found by evaluating equation (18) for t = Ta and setting
LFM

it equal to zero (want to end on a null) such that

sin [(w + R TaL)TaLM] - 0 (27)
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Figure 27. Geometry of chirped waveforms
(a) up-chirped waveform
(b) down-chirped waveform
(c) V-chirped weveform

Man. .~----------------------------



38

Nov, noting that U u af/T aKf/TSLFM, equation (27) is written

as

sin [(W• + a-x-) fTaLF] 0 (28)

or

aKf
TaL•(Wc + -, - uw (29)

The requirement that the waveform ends with negative slope is met

by restricting n to only odd values and solving equation (29) for

TaLFI such that

,O3n + 27a~yM a -1 + r (-)30)

Next, solve equation (30) for n

(w+aKf

n -( . .. .. 131)
2w 2

For TaLF approximately eqt.al to Td, Td is substituted into

equation (31) in place of Ta LF and n LF is chosen as the closest

integer (CINT) to n resulting in

aKf
(W - Td 1

=CINT 2 1 - (32)

27rh

A6A]
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Now, using nLFN in place of n in equation (30) yields

(2nLFM + l)7w
TaLF -( a°€ (33)

W +(-
c2

For V-chirped linear FM, Ta (TovLFN) is found by evaluating

equation (18) at t a ToVLFN and setting it equal to 1 so that

the waveform is symmetric about Ta VLF and there is no sudden

phase reversal, No restriction is placed on n in this case

because TaVLFo can occur at any peak. In a similar manner as

above, except nov Td/2 replaces Ta when solving for n, nVLFN can

be shown to be

1INT ( + -- 2 Td (4

and Ta is found as
VLFM

(2nw•M + i1)
Taj&FM 2 (35)

c 2

The value of Ta for the new non-linear FN waveform is found

when equation (16) is normalized, the initial phase net to -fT/2,

and Ta substituted for t, yielding

XNF(Ta) " sin [(c + 0.43 aKf) Ta] 136
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Folloving the *&e procedure used for linear FM, the values of Ta

and n for up or down-chirped non-linear FM can be shown to be

(W + 0.43 aKf) Td
CINT=[- Ca 27t - 2 (37)

(2rim + 1)7r (38)
TaNLFM - +

w c + 0.43 aKf

and for V-chirped non-linear FM

(w + 0.43 aKf) Td
nVNLF1 - CINT [ 41 - (39)

( 2 num.LM + (0
(T C + 0.43 JKf)

In the up or down-chirped waveforms, the value n+l

represents the total number of nulls, (n+l)/2 is the total number

of peaks, and (n-1)/2 is the total number of valleys. For the

V-chirped waveforms, 4n+2 represents the total number of nulls,

2n+1 is the total number of peaks, and 2n is the total number of

val- ',V.

Now, knowing that the first critical point (a null) is at

t=O, the functior is increasing in frequency and the next

critical point a peak, the Walkerdid algorithm can be

implemented.
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Step 1: Call the location of the currently known critical
point t 1 .

Step 2: Find the instantaneous frequency at tI and call
it fl"

Step 3: Calculate t using t a (t 1 + 1/4lf ). Since the
feeny il increasiAg, t 'will be'lihtypt

the next critical point.

Step 4: Find the instantaneous frequency at t 2 and call
it f 2 "

Step 5: Calculate t using t3 a (ti + 1/4f ). Since f
is higher t~an f , t will occur sfightly before

the next critical point.

Step 6: Calculate the argument of the chirped waveform at
t and at t and call them ar82 and arg3,
rispectiveli.

Step 7: Calculate y, and y . If the currently unknown
critical point is peak or valley use y•
cos(arg2), y3 u cos(arg otherwise use -

sin(arg ), y = sin(arg The nulls of tie
wavefori occar when thl function goes to zero,
the peaks and valleys occur when the derivative
of the function goes to zero.

Step 8: Using linear interpolation calculate the value t
from the equation t t - y2 (t -t 2 )/(y -y ).
This step essentialy "himes" in on the hurently
unknown critical point.

Step 9: Calculate the argument of the chirped waveform at
t and call it arg.

Step 10: Calculate y. If the currently unknown critical
point is a peak or valley use y a cos(arg),
otherwise use y a sin(arg).

Step 11: If y-O go to step 15.

Step 12: If the aign of y equals the sign of y2 ' let y2 =y
and t2=t.

Step 13: If the sign of y equals the sign of y3' let y3 =y
and t3=t.
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Step 14: Go to step 8.

Step 158 Store t as the current critical point. If t is
loes than Ta then goto step 1.

Step 16: If the desired critical points were for
down-chirped or V-chirpud weveforms, use the
symmetry equations (25) and (26) to adjust them.
End.

Structural Layout of Transducers

The transducer's geometry and the waveform are related by

the acoustic velocity, Va of the substrate. The wavelength,

can be calculated from

fa

The correspondence between the waveform and structural layout of

the dispersive transducer used in the design is shown in Figure

28. Double electrodes werG used to help reduce reflections. The

x-position of each electrode corresponds to the midpoint between

critical points. In order to maintain a 502 duty cycle

(approximately equal spacing and electrode widths) the

instantaneous frequency, f., corresponding to the electrode's

x-position must be calculated. The widths of the electrodes are

4/8, where 4i represents the instantaneous wavelength.

In order to acccount for the frequency dependence on the

output of the SAW device, the transducer must be properly

apodized. For an even crested waveform, this apodization is
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dependent on fi(t)-3/2, that is the amplitude of output in

inversely proportional to the instantaneous frequency (Hlart•an,

bell and Rosenfeld 1973). The largest amount of overlap, the

acoustic beamwidth Wa, occurs at the lowest frequency and was

chosen as 100 X0 (the wavelength at the center frequency). The0

amount of overlap corresponding to each pealt and valley was

found using fi-3/ 2 , then normalizing to We. These overlaps

were then used to determine the y-position and height of each

electrode. Figure 29 shows the effect of the apodisation.

In order to maintain 502 metallization, dummy electrodes are

used. These dummy electrodes were placed such that the electrode

gaps were A /8. Bus bar heights were chosen large enough (10

mils) to allow for bonding without having to add additional

bonding pads. Figure 30 shows the transducer with dummy

electrodes.

The width of the non-dispersive transducer was chosen to be

1.5 Xo" The distance between transducers was 50 mile and a 10

mil wide bar was placed midway between transducers to help reduce

RF feedthrough. Figure 31 shows the complete SAW device.

The FORTRAN source code used in the design of the devices is

provided in the Appendix. The files created are in SAWCAD

STRUCTURE formlat (Malocha and Richie 1984). The variable ISNUN

is the dimension of the X, Y, W, A, IREP, XD, and YD arrays where

X a horizontal position of the lower left-hand corner
of the rectangle
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i \ 1

a' i I I

Figure 28. Wavefora to trasducer correspondence.

Figure 29. The effect of apodization.
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Figure 30. Tho pleaement of dimay electrodes.

Figure 31. The SAW device vith both transducers.
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Y a vertical position of the lover left-hand corner

of the rectangle

W a width of the rectangle

5 a height of the rectangle

A a angle orientation (always 0)

IREP a number of incremental repetitions (always 1)

XD i incremental step in the X direction (always 0)

YD • incremental step in the Y direction (always 0)

The devices were designed for a center frequency of 70 NHs,

a 20 MNz bandwidth, a 3 usec dispersion tine and for fabrication

on Y-cut Z-propogating lithium niobate (501 metallization

acoustic velocity a 3448 mes). The devices were approximately

12.003 mm in width and 5.483 me in height.



CHAPTER VI

DESIGN IMPLEMENTATION

Once the STRUCTURE file has boon created, a photomeak must

be produced so that the devices can be fabricated. Though the

facility for producing photomasks is not available at the

University of Central Florida, local industry (in this case,

SAWTEK of Orlando) often provides the necessary support.

I'hotomask Generation

To make full use of the photamask, the STRUCTURE files vere

stepped and repeated until all of the available space vas

utilized. The final product had four copies of each of the four

designs (linear FM, non-linear FM, and the V-chirped versions of

each) plus some additional designs by other students. The format

of the STRUCTURE data had to be converted to a format known as

ELECTROMASK in order to ba understood by the pattern generator.

ELECTROKASK data uses a body centered coordinate system,

assume& dimensional data is in units of tenths of microns and

angle data is in tenths of degrees, and has maximum aperture

limitations. The subprogram, SBREAK2, was written to convert

general STRUCTURE data (to include- any arbitrary angle and any

number of repeats) to ELECTROMASK data and is included in the

Appendix.

47
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Fabrication

The fabrication of devices was accomplished using the new

clean room facilities at the University of Central Florida. For

a detailed explanation of the fabrication process see Vigil and

Yapp (1984). Briefly, the process consists of the following

steps.:

1) Clean the lithium niobate wafer.

2) Deposit aluminum using flash evaporation or sputtering
techniques.

3) Apply photoresist to the metallized surface and soft
bake.

4) Use the mask aligner to make contact between the wafer

and mask, then expose to the ultraviolet source.

5) Develop the wafer to remove the exposed photoresist.

6) Place the wafer in an aluminum etch to remove the desired
metal.

7) Dice the wafer to separate the individual devices.

8) Mount the devices to a header.

9) Bond the devices to the header.

10) Apply absorbing material to the ends of the devices to
reduce edge reflections.

A few problems were encountered during fabrication which

would affect the performance of the devices. One such problem

was the inability to achieve a smooth lAyer of photorenist in

step 3. This resulted in a number of fingers on the devices

being open or shorted. Another problem was created back when
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the STRUCTURE data was stepped and repeated. There should have

been enough distance left between the devices to allow for a

sufficient amount of absorbing material to be placed at the ends

of the device.



CHAPTER VII

CONCLUSIONS

Fundamental radar concepts have been reviewed, emphasizing

the need for matched filtering and the desirable characteristics

of the transmitted pulse and its autocorrelation function. A new

non-linear FM pulse compression technique has been reviewed using

linear FN as the basis of comparison. A simulation of the

iDoppler effect on the matched filter output has beer.

accomplished, including the effects on V-chirped signals. SAW

device design considerations have been presented dand an efficient

algorithm for finding the critical points of a chirped waveform

was introduced. Computer software was written and is presented

in the Appendix to implement the SAW device design and the

subsequent conversion of data for photomask generation. SAW

device fabrication was briefly reviewed.

The Doppler simulation showed that the new non-linear FM,

unlike linear FM, could be used as a moving target indicator by

examining only the matched filter output in the time domain.

Furthermore, the new non-linear FM offers more dynamic range than

the linear FM because the time shift is less than that of linear

FM.

In conclusion, it is recommended a new photomask be produced

which provides a layout allowing for a suF`.cient amount of

50
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absorbing material to be placed at the ends of the devices.

Also, a simulation which includes the combination of the new

.-non-linear FM with windowing and the Doppler effect may add to

the resolution capabilities of the pulse. Further research could

include the new non-linear FM's potential in a multiple target

environment.

L- -- ---- ----



APPENDIX

COM4PUTER PROGRAMS
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€ program chirpy

c date of last revision: 09-16-66

c for more information contact: D.C. talocha
€ J.C. Walker

€

program chirpy

characterft ask
ca"mon/p t1/ x(60(0)),y(6 0 00) ,w(6000) ,h(6000) ,a(6000),

2 irep(6 ),xd(G000),yd(6000),isnum,iref

c M

500 call cls
write(*,*) Dispersive SiJW Device Design'
write(*,*) '
write(*,*) 1
writ*(*,*) '
write(*.*) [Chreate File'
write(*,*)
write(*,*) [Pirint File'
write(*,*) S

write(*,*) W[Slave File'
write(*,*) '
write(*,*) M[Quit'
vrite(*,*)
werite(* *) *
write(*,*) S

write(*,*) '
write(*,*) '
write(*,*) Enter (Choice'
write(*,*) I
read(*,600) ask

600 format(al)
if (ask.eq.'c'.or:ask.eq.'CO) call create
i (ask.eq.'p' .or.ask.eq.'P') call prnt
if (ask.eq.'s'.or.asK.eq.'S') call savit
If (ask.eq. 'q' .or.ask.eq.'Q') goto 700
Soto 500

700 stop
end

c - ----- -- -----------------------

subroutine cls

do 800 1-1,22
write(*,*), I
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800 Continu

return
end

mSuroutine create

character*1 ask
cI::on/patl/ x(t60O),y(6000),w(6000),h(6000),a(6000),

2 irep(6000) ,xd1(OO),yd(600O),i um, iref
crmon/cheq/ akf .rg, flifmpi,t,tawiwi
real tim(3000),ov( 3000),. (6000)

c ** DWtJF & WRiIFeICATION **•

1000 call cIS
1100 write(*,*) I

write(*,*) ' 1) Linear FI'
write(*,*) Non-iUnar FM'vrite(*,*} I

write(*,*) ' Enter Choice (1,2)'
write(* *) I I
read(*,}) ifs
if (im.ne. 1.and. ife.ne.2k)then

write(*,*) I put error - try again'
goto 1100
"edif

1200 write(*,*)
write(*,*) '1) Up or Dmm Chirp'
write(*,*) '2) 'V' OCirp'
write(*,*) I
write(*,*) ' Enter Choice (1,2)'
write(*,*)
read(* *) ishape
write** I I

if(if hape.ne.1 and. ishape.ne. 2)then
write(*,*) ' input error - try again'
goto 1200
endif

write(*,*) ' I
write(*,*) ' Minima Frequency ( MHz )?'
write(*,*) 1 0
read(*,*) fit

write(*,*) I I
write(*,*) ' Maximum Frequency M H4z )?'
write(*,*)
read(*,*) fht

wri1.te(*,* ' aff lw lh*f nw 'J a< n f f f
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write(*,*) ' Di•persion Tim ( wec )?'
write(*,*) I
read(*,*) tdt

1300 write(*,*) I
write(*,*) Data in units of 1) wavelengths'
write(*,*) 2) millimeters'
write(*,*) 3) micrometers'
write(*,*) 4) ails'
write(*,*) '
vrite(*,*) Enter Choice (1,2,3,4)'
write(* *) I
reid(*,*) iscale
Lf(Licale.It.1.or.iscale.St.4)then

4rite(*,*) ' inp%. error - try again'
Soto 1300
endif

write(*,*) I

write(*,*) ' SA Velocity ( mters/sec )?'
write(* *) I
read(*,,) va

call CIS
if(iahape.eq.1)Dwrite(*,*) ' Up or Down Chirped'
if(tshape.eq.2)write(*,*) ' 'V' Chirped'
write(*,*) I I

if(ifm.eq.1)write(*,*) ' Linear F14'
if (ifm.e.2)write(*,*) ' Non-Linear FW'wrtte(*,) I,

write(*,*) Minimum Frequency - ',flt,' MHz'
write(*,*) I
write(*,*) Maximm Frequency - ',fht,' ýNz'
write(*,*) I
write(*,*) Dispersion Tim - ',tdt,' usec'
write(*,*)
if (iacale.eq.1) write(*,*) ' Units - wavelengths'
if (iscale.eq.2) write(*,*) ' Units - millimeters'
if (iscale.eq.3) write(*,*) ' Units micrometers'
if (iscale.eq.4) write(*,*) ' Units mils'
write(*,*) I I
write(*M*) ' SAW Velocity - ',va,' meters/sec'
vrite(*,*) '

write(*,*) I
write(*,*) ' Is this correct (y/n)?'
read(*,1400) ask

1400 formt(al)
if (&sk.eq. 'nt.or.aak.eq. 'N') goto 1000
write(*,*) ' I
writ*e(*,*) I I
write(*,*) ' IMXMING1

C * INITIALIZATION *
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td..tdt*1 .0.-6

akf-2.0*pi*Dkfl )
whQ:2.0pi*fh

if (ifme7.sq .and.idha .q.1) then

andif
if (Ifm.9q.I.&nd.iaha*.eq.2) then

*tndif
if (ife.. .2 and ishap i.eq.1) than

ta-(2.0%m.+1.0)/(1.1A*fl.0.86*fh)
endif

if (ifm....2.and.ishhpe.q.2) then
n-td(0.5*fl0.43fh.0.25

endif

if (isha .eq.1) then

nf-4Ati*2
endif

if (shaps.eq.2) then
mp-S*n+2
"mdif

ims-,.2*nf+17
fo-(fl..fh)/2.0
rlo-va/fo
height-lO0.0 !Acoustic Beaswidth in wavelengths
wo-hightrlo
Wbh-0.0005I4rlo !bus bar height is 10 oils
d-0.00127/rlo !50 oils between transducrs
utw-1.5 ! wseighted transducer is 1.5 wavelengths wide

c **CAJLONTE MaLS, PEAKS & VALLEYS

time(1)-0.0
tl-0.0
do 1700 i-23 ncp

r-i
t-tl
call freq
f i-fl
t2-tl+17.0I6&..0/fl



57

t-t2
Call f req

Call argument
it ((r/2.O).t.i/`2)) ypos-sin(:ar)
if ((r/2.0).eq-t112)) ypos-castarg)

.qsnypos3)) dnta

IV sig specification~ cannot be met"
writa(*b* try eittwr a lomer dispersion time'

writ(*Mor smaller bardutdth.'
write(*M*
write(* *) ' I h (OITR t Ch to return to sYstem'

14" goto i449
andif

1500 t..t2-ypos2*(t3-t2)/(ypos3-ypos2)
If (t.eq~t2.or-t.aq.t3) goto 1550
if (r i.0f.st.U/2 ypos-sin(arg)

if ((r/2.0).eq-(i/2)) ypoe-coa(arg)
if (sgn(ypos).eq.0) t1-t
if (san(ypos).eq.sgn(ypos2)) then

YPOs2-ypos
endif

if (sqpiypos).eq.sgr(ypos3)) then

=ps
3 .ypom

edf
if.( ) 1500,1600,1500

1550 t1-t~
If (abs(ypos3).lt.abs(ypOe2)) tl-t3

1600 time(i)-tl
1700 continue

if (ishape.eq.1) goto 1900
do 1800 i-1,(ncp-I)! use symmetry for 'V' Chirp

time(ncp~i )-2.0*ta-time(ncp-i)
1IW0 continuje

c OVc~EPLAnS*

1900 avmaX.O.0
do 2000 i-2,nf,2

t-time(i)
if (ishape.eq.2.and-t-gt.ta) t-2.0*ta-t
ca1l fre
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If (OVUi/2).Bt-aomm~) Oftax-oMI/2)

do 2100 i..2,nt 2 1nmeuliam to acwatic: beam~dth

do 2200 W. ii

if Riehp*.@q.2.nd~t.gt.t&) t.2.0*ta-t
call tra
wMi-1.0IS.0/fi*fO
w(nf+t).wMt
xM-I)~*f"M~i/2.0
x(nf+U).Nxi

2200 continuje

C HE IGHQTS & Y POSITIONING *

wk-imijht#i1.0 rk is the distance between but bear
2250 h(1)-( -kov(i)*blb)/2.0

y(l)-rk*3.0ftWh2.0-hU)
y(nf +1 )-blzh/2-0
do 2300 1-2 Wn-2) 2

h(nfsi.1)-h(nf~i)
v-i
if ((r/4.0).gt .(i/4)) then

y(nf~i ).rk*3.0*blbi/2.O-h(nf *I)
endif

if (Cr/4.0).sq.(i/4)) then
yMi-rk+3.O'bi*W2.0-hMj

endif

y(nf*i+1 )-y(nf~i)
230 continues

h(nf )-rk*ov(nf/2 )+bb-h~ nE-i)
h(2*nf).rk.Wbh.h(nf )-w(nf)
y(nf )-bkh/2.0
y(2*nf )-rk*3-OAbb12.O-h(2*nf)

c Make aure it's dc. If an electrode leus then halfo the but bar height then we need more distance between
o the bus bars to ma" it implementable (though this

c does not guarantee a practical design).
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if wMi.1t.(MW2.0)) uim

if Uifl:f6O) done

if (vk.t.2.0w h) than
writal*MeIst betwSUn ba banto ism:'

write(* *)"I
Write(*:*) -SCOutic bsemudth Is:-

writW(,*$
wit.e(*I*l lb*.V (UOM Y if You want to abort'
endif

gotc, 2250

x(2*nf*.1)u -0.25
x(2*nf,2)- -0.25
If Uslaps.sq.1) w(2*ef.1).tv*fm*.S

(ifmhshs .q.2) w( 2*~l ).2.Ohta*fo*0. S

h(2*nf,1)u.bh
h(2nf42).bti
y(2*Afsl).0
Y(2*nf+2).rk~btih

C ** NO4-DLS~VM 7hANSUM *

x(2*nf,3)W42*ef~l )+d*O.S
x(2*d+4)-wd2*n[+2)+4A0.8
w(2*nf*3)-itwued*O.4
w(2*df4)-jtw~d*0.4
h(2*nf43).blA
h(2*ef4)-bbh
y(2ftf.3)aiO.O
y(2*nf*4)-rk.Wbh
do 2500 il,(utw*%)

ti-i
x(2*nfi4i ).x(2*nf.3)41 .0/16.0*(ri-l .0)I4.0.dM3.2
w(2*nf *4*i)-l.0/8.0
h(2*nf+4+i).(rk.Iwi***'Wh)/2.0
if (ijeq.l.ot.i.gq.4.ot .i.eq .5) then~

y(2*nf*4i~i)-di,3.0'h2 .0-h(2*nf+4*i)
endif

if (ijes. 2 .or.I.@q..or-i.eq.6 ) then



andif

w(tomeui.1O.I)1O /.

x( Iwum-2in*).(nf)OA

c .. m.D

D2800 1m1,(2*mm-2),
i(i)-Sdt)

2600D csai
x(1)s2*nf.1)sium2

x(J.s2*nf,2
dO 29V 1-,(.2*nf.3) ,2im-3

i~l-g(j)
29W contimw

x(2*dn *b5).(sim2
d* 3M L-(2*n4*7), (miwu-3),2

2900 camntiw
do31000j.(2'n7,(isnIw m-2) ,

3100 contian

y(2)-s(2*nf*3)
y(3)*m(2*nf*4)
y(4)..(2*nf*2)
J-0
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do 3200 iS,(2*nf43),2

320D continue

330D continue
y(2*nf+5).a(ionum-2)

00 3400 i..(2*nf+6),(Lsrwm-3),2

y(2.)-S( j)
34D continuie

~ 2*nf+4.tttw*4.0
3500 L.(2*nf+e7),(1sr,.u2),2

350 continue
do 3600 i-1,(Lsnnm-2)

3600 continue
w(i).s(2*nf,1)
w(2)-sC2*nf,3)
we(3).s(2*nf.4)
w(4).s(2*nf+2)
i-0
do 3700 i-5,(2*nE+3),2

J.J+l

37D contiinue

~it 3M0 1.6, (2*nf.4 ) ,2

w(I)-S(j)
3800 continue

w(2*nE+5).u(isnum-2)
3900f+ i-2n+ (isnum-3),2

3900 continue
~2*nf+44uLw*4 .0

40 -2*nf4.7),(isnum-~2),2

4000 continue
do 4100 i=1,isriun-2)

.(i)-h(i)
4100 continue

h(1)=s(2*rif+1)
.h(2)-s(2*nf.3)
h(3)-s(2*nf.4)
h(4)-s(2*nf42)
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r 4200 i-5,(2*nf.3),2

j)
420D contimmi

43Di..6,(2*nf+4),2

1430D contifuwa
hC2*nf+5)-s(ismw-2)

do 4400 i-(2*nf+6),(isuui-3) ,2
j)

440D contimis
J-2*fhf+4+utvh.O
do4500 i-(2*nf+7),(isvma-2),2

4500 continuem

C *SCALING*

If (iscalo..q.I) sf-ID0
if (iscale.eq.2) uf-rlo*1000.0
if (iscale.eq.3) of-rlo*i.0.6
if (iscale.eq.4) of-rlo*1.0s5I2.54
dD 4600 i-1,isumm

w(i).w(i)*sf
h( i)-h(i js

460D cant irs.
4700 do 4800 iu1,isumu

a(0i0.0.
irep(i)-l
md(i)-O.0
yd(i -0.0

4800 contiwum

return
end

- - - - - - - - - - ---

subrasine f req

This subrutine finds the instantane aus
C frequency of the chirped waveform

coran/ch',q/ akf,arg,fi,ifm,pi,t,t&,vi,wl
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if (Lfo.eq.1) wi-wl~akf*t/ta
if (ifa.eq.2) then

d.vwl~akf*(OA43.O.5*kco(pL*(t-ta)/ta)
2 O0.O7*ccs(2.O*pL*(t-ta)/t&))

endif

return

c - --- - - - - - - -- - - - - - - - -

subrotine argument

c Subroutine calculates the argumient of chirp waveform
c equatian. Used by callivj program to find critical
c points. If seeking a mall of the tv~veform, sin(arg)
C fa used. If seeking a peak or valley, the derivative
c of the function, cos(arg), is used. Either way, the
c calling program is lookinrg for the overall result to
c go to zero.

commonfcheq/ akf,ars,fi,ifmp,PLt'ta'%i'wl

if (if..eq.i) then
arg-wl*t~akf/2.O/ta*t*t
endif

if (ifs.eq.2) than
argsvl*t~akf*(OA43*t.O.5*ta/pL*sin(pi*(t-ta )Ita),

2 (O.O7*ta)/(2.0*pi)*sin(2*pL*(t-ta)Ita))
endif

return
end

C -- -----------------------------

integer function sgn(x)

if (x.eq.O.O) sgri-0
if 'x 0t.O.) SPI-i
if (x lt.O.O) san.--

return

C----- ------ ---------------------- --

subroutine prnt

caorio/potll x(6000),y(6000),w(6000),h(6000),'m(6000),
2 irep(600),xd(6000),yd(6000),isnwi,iref
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return

c this is just a modified version of asAbrouti e .iriteo

subroutine savit
commnm/pat1/ x(6000),y(6000),w(6000),h(6000),a(6000),

2 irep(60D0),xd(6000),yd(6000),isnui,iref

character filoit*10

c terminal inpit

100 write(6,*) <<< SYS7134 WITE '
write(6,*)*
write(6,1005)

1005 format(x,'ERIR output file name -
read(5,1000,err-10) filout

1000 faruat(alO)

open(lO, file-filout 'atatus-'wnknom' ,err-10)
cloee(l0,status- 'delete-)

Rota 20
10 write(6,*) HWM in file name - try again **'

gota 100

c initialize data

20 icont-1l
iLype--l
fa-i.0
tflo--1 .0
tfhi-1 .0
n~u-2
zero-0.0
iref-1

c write "u file data

write(10,2000) icant
2000 format(x,'icont-',i5)

write(10,2001) itype
2001 -format(x:'itype-', 14)

wriLe(10,2002) U.)
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2002 format(x,'fo -1,917.9)

write(1O,2003) tflo
2003 forumt(x, Itflo m',@17.9)

witt(10,200.) tfhi
200k format(x,ltftI -%.1l7.9)

write(1O,2005) mmu
2005 fomat(x, I m -1,14)

write( 10,*) smro,zro

write(10,2006) isvm=
2006 fontat (x,Iisawm-'1, 15)

write~ir,2007) iref
2007 foruat(xWiref -I,il)

do 400 i-1,ionum
write(10,*) x(i),y(i),w(i),h(i),a(i),Irep(i),xd(i),yd(i)

400 contiimm

close(IO)

:rturn

en
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subroutine sbrek2(nma-k,nflash)

c For information contact: D.C. Nalocha
c S.M. Richie
c J.C. Walker

c

c Date of lost revision: Augist 19, 1966

c This subroutine is used when enerating msgtapes using the
c ELEInASK (SAUTI) format. Structure data (body centered, mm)
c Is taken and new rectangles are generated to eliminate repeti-
c tions. Angle data is resolved such that it is in e range from
o 0 to 90 degrees; mapping hetiht and width data if :cessary.
o Rectangles are broken up into smaller rectangles if necessary
c to satisfy mimum aperture limitations.

C

integer nrec(99)
character chstr*11
real*8 chnua
byte sbuf(512,20D0)

common/chcrzw/ chstr,chnua
comm/patl/ x(36000),y (3•E)00),w(36000),h(36000),a(36000),
2 irep(36000),xd(36000),yd(36000),isru,iref

commn/biffer/ sbuf
cosmon/addreas/ vuarec, numbyte,nrec,ntape
co'on/flauh/ xs,yg,wIhq,ag,irg,xi,xmin,xmx,ymin,ymax

c maxima aperture for SAWfE is 1.524 mm

apmax-15240 : units are tenths of micrometers
pi-4*atan(1.0)

c load first begining of record symbol

if (numrec.gt.1.or.anbyte.gt.1 )then
numbyte-1
ruotec-nuarec ÷1

endif
istrlen-1
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chstr(i:1)-'<'
call ldsbuf(istrlen)
nmark-nmark*l

c anhle data in resolved by first putting the date in the range
C from -180 to 180 degrees then adjusting the angle (and high~t
c and width data if necessary) such that: all angle data is In the
c range from 0 to 90 degrees (angle data io in tenths of dearees)

do 1000 i-l'isnum
500 ifa(i). 1at WSOO)-a( i-y

if(a(i) It-.-Il80)aUi)-a(i)+3600
if (a(i):.gt 1S0.or.a(i).lt.-1S00)goto 500
if(a(i). lt. )a(i)-a(i)+18B0
ifai )O.g.900)then

a(i).a(i)-900
www(i)
w(i)-h(i)
h(i ).w

endif
1000 continuea

c initialime

do 5000 i.1,isma
wg-w(i)
hg-h(i)

agr-a(i )*pi,; 100 convert tenths of degrees to radians
irg-sirep(i)
nwrep-1
nr*arp-1

if (wg.St.apmaxd then
wureP-wg/aPmax.1

rmprepmfp1
onir 1100

Wg-apmx
endif
if ft.gt.apaxthen

1200 hov-(nhrepapmax-hg)/(ihreo-1)
if(hov.lt.10.0) then

hriwenhrep+1

endifrolC
hgrapmax

endif

do 4000 j-0,(irg-1) repeats
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do 3M0 k..O,( sitep-1) ! widths
do 200D l.O,(nhrop-1) ! heights

xiux(i)*Nd(i)* j

yir!Y~i.d(l)*jifareq.0)than

yg-yi-w(i )/2+,h/2+(hg-hov)*k

en ro1500
xip-xi*cas(agr )4yj*sin(agr)
y~p-yi*COs(jar)-xi~sin(.gr)

Agxpcos(agr)+y *sn(agr)

sbuf(l1,wsimrec.1 )- It'
usmbyte-2
vmmrec-nurec.1

endif
call flash2(,uark,nf lamb)

200D Contirm..
3M0 caitimu
4.000 contiuum
5000 contifu*

c load erid of record symbol for lost rec of file

lstrlen=1

call ldshif(istrlen)
nmarkemrmrk+l

retuarn
end
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